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Abstract
Soft, stimulus-responsive 3D structures created from crosslinked poly(ionic liquid)s (PILs) have been
fabricated at unprecedented sub-micron resolution by direct laser writing (DLW). These structures absorb
considerable quantities of solvent (e.g., water, alcohol, and acetone) to produce PIL hydrogels that exhibit
stimulus-responsive behavior. Due to their flexibility and soft, responsive nature, these structures are much
more akin to biological systems than the conventional, highly crosslinked, rigid structures typically produced
using 2-photon polymerization (2-PP). These PIL gels expand/contract due to solvent uptake/release, and,
by exploiting inherited properties of the ionic liquid monomer (ILM), thermo-responsive gels that exhibit
reversible area change (30 ± 3%, n = 40) when the temperature is raised from 20 °C to 70 °C can be created.
The effect is very rapid, with the response indistinguishable from the microcontroller heating rate of 7.4 °C
s−1. The presence of an endoskeleton-like framework within these structures influences movement arising
from expansion/contraction and assists the retention of structural integrity during actuation cycling.
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Soft, stimulus-responsive 3D structures created from crosslinked poly(ionic liquid)s (PILs) have been
fabricated at unprecedented sub-micron resolution by direct laser writing (DLW). These structures
absorb considerable quantities of solvent (e.g., water, alcohol, and acetone) to produce PIL hydrogels
that exhibit stimulus-responsive behavior. Due to their flexibility and soft, responsive nature, these
structures are much more akin to biological systems than the conventional, highly crosslinked, rigid
structures typically produced using 2-photon polymerization (2-PP). These PIL gels expand/contract
due to solvent uptake/release, and, by exploiting inherited properties of the ionic liquid monomer
(ILM), thermo-responsive gels that exhibit reversible area change (30 ± 3%, n = 40) when the
temperature is raised from 20 C to 70 C can be created. The effect is very rapid, with the response
indistinguishable from the microcontroller heating rate of 7.4 C s1. The presence of an endoskeleton-
like framework within these structures influences movement arising from expansion/contraction and
assists the retention of structural integrity during actuation cycling.
Introduction
Direct laser writing (DLW) is rapidly gaining popularity as a
technique for producing complex 3D structures with exquisite
sub-micron resolution [1]. DLW relies on the simultaneous
absorption of two photons of light to excite an initiator molecule
from the ground state to a higher energy electronic state [2,3].
During the DLW process, the beam of a near-IR femtosecond
laser (780 nm) is focused into the sample with a microscope
objective. This highly defined ‘spot’ provides enough energy to
initiate polymerization by absorption of two photons in one
volume element (voxel) at a time. This spot can be moved in
three dimensions inside a volume of transparent monomeric
material, allowing structures with 200-nm resolution to be
fabricated [2,4]. In this fashion, complex micromodels of many
3D structures can be created [5]. Although commercial DLW
instrumentation has only lately entered the micro-fabrication
portfolio, the technology has already found much application
within the photonics community [6,7]. Even more recently
DLW has also been employed in other fields, such as micro-
optics [8], microfluidics [9], clinical microtools [10], and biomed-
ical implants [11] and in 3D scaffolds for cell culturing and tissue
engineering [4,12]. Despite these wide-ranging applications,
many approaches to date have produced highly crosslinked
and rigid structures. In recent years, several pioneers in the field
have turned their attention to developing novel photoresists
to improve printing capabilities and resolution [13–20].
While these high-resolution 3D structures are truly impressive,
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extending DLW to encompass soft polymers dramatically would
broaden the potential application space considerably.
For some years, we have been interested in the creation of
stimulus-responsive 3D structures based on soft-gel materials
[21]. Much of our effort has been focused on using hydrogel actu-
ators to perform tasks related to microfluidics (opening/closing
microchannels [22], or enable movement [23]) on demand.
These responsive materials have disruptive potential in applica-
tions as diverse as microfluidics, artificial muscles, and biomi-
metic robots [24–28]. The ability to exploit the sub-micron
resolution of DLW with these materials is an exciting proposi-
tion, as it paves the way to create complex responsive scaffolds,
with dramatically enhanced response characteristics compared
to existing structures. However, a number of significant scientific
challenges have prevented the extension of DLW to the produc-
tion of high-resolution 3D soft polymer structures. These chal-
lenges are largely related to the limitations of typical organic
solvents used to solubilize common monomers and photo-
initiators. For example, localized heat generation during DLW
can cause solvent evaporation and bubbling as polymerization
occurs, leading to disruption of the spatial arrangement of the
polymer strands, and damage to the integrity of the resulting
structure. In addition, at typical crosslinker concentrations used
for the production of these soft polymers (typically <15% bi-
crosslinkers), the polymer strands tend to diffuse upon formation
through the solvent, causing a dramatic loss of spatial resolution.
Common strategies to reduce polymer diffusion, such as increas-
ing crosslinker density and raising the solvent viscosity, lead to
increased polymer rigidity and poor solubility of monomer com-
ponents, respectively. Therefore, to overcome these limitations,
alternative strategies are required. In this regard, we have focused
on the use of polymerizable ionic liquid monomers (PILs) that
can also act as non-volatile liquids with excellent solubility for
a wide range of relevant materials, such as crosslinkers and initia-
tors. Using this approach, we can merge the attractive properties
of the parent ionic liquids (ILs), such as tuneable viscosity
(dependant on the size of the ionic components), high charge
density, and excellent thermal/chemical stability, with the char-
acteristic properties of polymers, such as the ability to form films
and self-standing structures. To date, polymeric ionic liquids
(PILs) have been used in various applications, including solar
cells [29], rechargeable batteries [30], and soft polymer actuators
[31]. More recently, they have attracted increasing attention as
innovative polyelectrolytes for creating advanced materials and
multifunctional devices [32–35]. Through crosslinking, several
PILs have been shown to produce gel-like materials capable of
solvent-induced swelling, ultrasensitive sensing [36], and fast
actuation [37]. ILs and PILs that comprised of moderately hydro-
philic/hydrophobic ions can also exhibit lower critical solution
temperature (LCST)-type phase transition behavior [38–40], and
we therefore speculated that, if the precision of DLW could be
retained during the formation of these PILs, it should be possible
to create soft, stimulus-responsive 3D gel structures with sub-
micron resolution.
In recent years, the creation of well-resolved PIL structures has
been influenced by advances in 3D fabrication technologies. In
2011, Korvink and coworkers introduced solvent-free inkjet
printing of 1-Ethyl-3-methylimidazolium dicyanamide using
in situ UV polymerization to yield printed lines with thicknesses
from 35 to 45 lm [41]. More recent advances in fabrication
resolution have been offered by UV patterning. In 2014, the
group of Drockenmuller et al. utilized photocrosslinking of spun
azide-substituted triazolium polymer chains to fabricate
millimeter-sized structures with minimum spacing of 25–65 lm
[42]. Developing on this idea, in 2017, Hwa-Yaw Tam used a
digital micromirror device to photocrosslink poly(1-3-
vinylimidazolium) films [43]. This yielded structures with
heights from 2 to 30 lm, with feature sizes of approximately
5 lm and spacing of >20 lm. For higher resolution fabrication
of PILs, one must turn to the work of Shu Seki and Kuwabata.
Using a spin-coated film (1 lm) of 1-allyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide they initially used a Focused-
Ion-Beam (FIB) to generate 4.3-lm high structures with 100-nm
resolution, through a proposed mechanism of crosslinking that
was suggested using Raman spectroscopy [44]. In 2015, this tech-
nique was extended to Electron Beam irradiation, in which poly-
merization occurred over the whole irradiated area, rather than at
the vacuum RTIL interface (in the case of FIB) [45]. This tech-
nique achieved minimum line widths of 30 nm, with resolution
suggested to be 200 nm. Typically, these approaches involve
polymerization of a monomeric IL and subsequent functionaliza-
tion of the resulting PIL linear chains [42,43]. Such techniques
can involve intensive multistep synthetic procedures to generate
a crosslinkable PIL [43]. Moreover, control of these methods is
essentially limited to 2D, with regulation of z-height proving
non-trivial [42–45].
In this research, we demonstrate facile DLW of tributylhexyl
phosphonium polysulfopropylacrylate ([P4,4,4,6][SPA] to create
stimulus-responsive, soft PIL 3D structures with sub-micron res-
olution. These 3D structures can swell through the absorption
of water or other liquids (e.g., acetone) by over 300%. Moreover,
as the parent IL [P4,4,4,6][SPA] exhibits LCST-like behavior, the
3D-printed PIL structures are responsive to temperature (the so-
called 4D effect), showing a decrease in area of 30 ± 3% (n = 40)
when the temperature is raised from 20 C to 70 C. Swelling
and shrinking are the dominant mechanisms employed to mod-
ulate hydrogel actuators, and, as the PIL structures created using
DLW can be orders of magnitude smaller than existing
approaches, associated actuator kinetics will be much more
rapid, due to the significantly reduced diffusion pathlengths.
Through this exciting breakthrough soft, responsive PIL 3D
structures can now be created at unprecedented sub-micron res-
olution via DLW, using very simple ILM photoresists.
Material and methods
Materials and reagents
Polypropylene glycol diacrylate (Mn 800, 100 ppm MEHQ and
100 ppm BHT as inhibitors) (PPG-DA) and 3-(trimethoxysilyl)
propyl methacrylate were acquired from Sigma–Aldrich, Ireland,
and used as received. 7-Diethylamino-3-thenoylcoumarin
(DETC) was purchased from Exciton (Dayton, Ohio) and used
as received. Tributylhexyl sulfopropyl acrylate ([P4,4,4,6][SPA])
was synthesized as described elsewhere [41]. The acrylated
derivative of Rhodamine B (Acryl-Rhod B) was synthesized and
characterized as described in the supporting information (Sup-
plementary Figs. S1 and S2). Deionized water (DI water), with a
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resistivity of 18.2 MXcm1, was made using a Milli-Q Water
Purification System (Merck Millipore, Darmstadt, Germany).
Photoresists: monomeric photoresists for direct laser-writing
fabrication
For the DLW of 3D soft structures (Supplementary Figs. S3–S7)
based on PILs, the monomer mixture contains an ILM ([P4,4,4,6]
[SPA]), a long-chain crosslinker (PPG-DA), and photo-initiator,
7-Diethylamino-3-thenoylcoumarin (Table 1). The quantity of
the photo-initiator in the monomer mixture varied between 1
and 5 mol%, while the concentration of the crosslinker varied
between 4 and 12.5 mol%. An example of the photoresist used
for the fabrication of soft, thermo-responsive crosslinked PIL is
indicated in Table 1.
Direct laser-writing fabrication
Two-photon polymerization was performed on a commercial
DLW workstation, Photonic Professional, Nanoscribe GmbH.
This system is equipped with a 170-mW femtosecond solid-state
laser that delivers 120-fs pulses with an 80 MHz ± 1 MHz repeti-
tion rate, operating at a wavelength of 780 nm. Fabrication of
the 3D soft structures using photoresists described in Table 1
was performed in an Oil-immersion configuration using a
63 immersion objective (NA = 1.4, WD = 190 lm) (Zeiss, Plan
Apochromat). The sample position was controlled by a 3D galvo
translation stage.
A drop of the monomeric photoresist was placed in the center
on one side of a DiLL glass substrates for high-resolution applica-
tions (25  25 mm2; thickness: 0.17 mm; provided by Nano-
scribe GmbH), and a drop of oil (Zeiss Immersol 518F) was
placed in the center of the glass slide on the other side. The laser
power and the scan speed for fabrication of the 3D structures was
set between 25 and 40 mW, and scan speeds varied between
5000 lm s1 and 10,000 lm s1. After laser-writing, the struc-
tures were developed by first removing some the unpolymerized
photoresist by positioning the slide at a 70 angle and then rins-
ing carefully 3 times with acetone to remove residual unpolymer-
ized photoresist. The structures were then dried in air for 10 min
and prepared for further characterization. For the substrate-
attached structures, in order to enhance the adhesion of the
acrylic-based photoresists to the glass substrate, the glass slides
were cleaned with acetone, isopropanol, ethanol, methanol,
and DI water; dried; and exposed to oxygen plasma for 2 min
(Harrick Plasma). Following this, the slides were immersed in a
solution of 3-(trimethoxysilyl)propyl methacrylate (Sigma–
Aldrich; 3 vol% in ethanol with 0.1 vol% Acetic acid) for 1 h,
rinsed in ethanol, and dried under nitrogen.
DLW live-observation
The DLW process was recorded using the Nanoscribe DWL Sys-
tem equipped with a Zeiss Axiocam high-sensitivity microscope
camera (1.4 Mega Pixel). This allows for live visualization of
the DLW process in order to track the efficiency of the writing
process (Supplementary Videos S1 and S2, Supplementary
Figs. S8–S10).
White light microscopy
The 3D structures were analyzed in air and DI water using a 3D
Digital Microscope VHX 5000 from Keyence (USA) equipped
with objectives of adjustable magnification 50-500 and
500–5000, respectively. The development of the PIL struc-
tures, by washing with acetone, was recorded using the 3D Dig-
ital Microscope VHX 5000, Keyence, as shown in Supplementary
Videos S3–S11 and Supplementary Figs. S11 and S14.
Confocal microscopy
Confocal imaging was carried out on a Leica SP DMi8 STED
microscope equipped with a 100/63 oil immersion objective
and HyD SMD detectors/PMT detectors. Confocal excitation
was carried out using a pulsed White Light Laser where the exci-
tation wavelength was chosen at 550 nm. For analysis, the PIL
structures contained Acryl-Rhod B copolymerized in their struc-
ture at 0.4 mol% relative to [P4,4,4,6][SPA].
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) was performed on a Carl
Zeiss EVOLS 15 system at an accelerating voltage of 10–16 kV
(Supplementary Figs. S19, S20, S23, S24). Prior to imaging, the
structures were coated with a 10-nm Au layer.
Atomic force microscopy (AFM)
The surface morphology of the PIL structures was imaged using a
JPK Biowizard II Atomic Force Microscope (JPK Instruments,
Germany). Images were taken with Bruker DNP-S10 cantilevers
(spring constant 0.12 N m1) using intermittent contact mode.
Scans (80  80 lm2) were obtained using tip velocities ranging
from 2.5 mm s1 to 20 mm s1, where the hydrated structures
were scanned under the lowest amplitude set point and scan rate
due to their softness. The images were analyzed using JPK Data
Processing software.
Thermo-actuation
For the thermal analysis, 2 pressure-sensitive adhesive (PSA)
spacers of 60 lm were placed on the slide containing the struc-
tures and a clean glass cover was placed on top of the spacers
to enclose the 3D-printed structures in a cell-type arrangement
with two opposite walls (Fig. 4a). The custom-made cell was then
placed into a home-made holder (Microliquid, Spain) containing
the heater at the bottom. The holder tightly constrains the
home-made cell and avoids leakage during microstructure
actuation. Fabrication, characterization, and application of the
microheater was previously described by Verdoy et al. [46] and
Benito-Lopez et al. [47] The heater provides a homogeneous
TABLE 1
Monomeric photoresist composition.*
Photoresist
components
Quantity
(g)
lmol mol% to
[P4,4,4,6][SPA]
[P4,4,4,6][SPA] 0.384 800 100
DETC photoinitiator 0.0052 16 2
PPG-DA 0.048 60 7.5
*When PPG-DA was used in 5 mol%, swelling of the structures in the monomeric photoresist
during the printing process was observed (Supplementary Video S2, Supplementary Fig. S9).
For structures prepared for confocal fluorescence imaging, Acryl-Rhod B was added to the
monomeric photoresist in a molar ratio to [P4,4,4,6][SPA] of 0.4 mol% and the PPG-DA con-
centration was increased to 12.5% due to an increased absorption of the dye in the UV–vis
region.
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heating rate of 7.4 C s1 and a cooling rate of 2.4 C s1 over the
microfluidic device. The temperature program was set between
25 C and 70 C (Supplementary Fig. S18) in order to study the
thermo-response of the 3D micro-structures. This arrangement
ensures that the level of the water on top of the structures does
not change. Videos and images were recorded using the 3D Dig-
ital Microscope VHX 5000 (Keyence) camera (Supplementary
Videos S15 and S16, Fig. 4).
Results
DLW by 2PP of crosslinked PIL micro-structures
Polymerization of a range of soft microscopic 3D motifs was
achieved through the use of a polymerizable tributylhexyl phos-
phonium 3-sulfopropyl acrylate ([P4,4,4,6][SPA]) ionic-liquid
monomer, along with a long-chain crosslinker (polypropylene
glycol diacrylate (PPG-DA), Mn 800) and diethylamino-3-
thenoylcoumarin (DETC) photoinitiator. Additionally, through
incorporation of a co-polymerized fluorescent dye (Supplemen-
tary Figs. S1 and S2), it has also been possible to accurately char-
acterize the effect of external stimuli, such as hydration and
thermal changes, on these microscopic structures in real time,
using confocal microscopy. As the viscosity and refractive index
of our novel monomeric photoresist is similar to that of the com-
mercially available photoresists, it has been possible to directly
substitute our photoresist, simply by placing a drop at the center
of a glass slide and applying standard instrumental procedures
(Fig. 1a). Optimization of the monomeric photoresist composi-
tion (e.g., choice of crosslinker, %crosslinker, %initiator) and
DLW parameters (e.g., scan speeds and laser power) led to the
successful creation of a wide variety of micrometer-sized struc-
tures. Fig. 1 outlines the procedure used to create objects of
variable shape, such as cylindrical columns (Fig. 1b, e, h, k),
ratcheted spirals (Fig. 1c, f, i, l), and hexagonal pillars (Fig. 1d,
g, j, m). Upon polymerization, the newly formed features expand
rapidly during washing in acetone due to the polymer solvation
properties of the IL-based photoresist. Removal of residual
photoresist, achieved by rinsing the structures with acetone
(Supplementary Videos S3–S11), produces the cylindrical colum-
nar structures shown in Fig. 1(k, l). In the absence of surface
functionalization for covalent attachment to the glass substrate
surface (Fig. 1g, j, m), the constructs separate spatially and may
fall over during contraction as the solvent evaporates. However,
they also exhibit a degree of spontaneous re-assembly when the
solvent is reintroduced (Fig. 1j, Supplementary Video S8).
Through functionalization of the glass surface with alkoxysilane
moieties terminated with monomeric units (e.g., 3-(trimethoxysilyl)
propyl methacrylate), the polymerized structures can be cova-
lently attached (Supplementary Videos S9–S11). This has a pro-
found effect on the behavior of structures during actuation
(expansion–contraction cycles). In the absence of solvent, the
structures contract, which can cause significant disruption of
their 3D form (Fig. 1k and l; Supplementary Videos S9–S11). In
contrast to the non-anchored structures described above, these
constructs maintain their relative positions during expansion/
contraction and exhibit a remarkable capability to recover from
deformation that can occur during washing.
Fig. 2 shows surface-immobilized structures created using the
same PIL (Fig. 2a), modified with a co-polymerized fluorescent
rhodamine dye. The dye enables high-resolution imaging of
the structures using confocal microscopy and reveals the internal
micro-patterning formed by the hatching of the structure as it is
generated by the laser. Upon swelling, these patterns, observed as
concentric circles within the smooth and ratcheted spiral pillars
(Supplementary Fig. S5), become more pronounced, as is clearly
evident in Fig. 2d and h. As swelling occurs, confinement of
the bottom of the columnar structures due to the covalent surface
attachment produces a frustum-like shape, as a higher degree of
swelling occurs increasingly toward the top of the pillar, where
hydrogel swelling is much less restricted. The extent to which
hydration-induced swelling increases toward the top of the col-
umn can be readily measured using the Z-stacking function of
the confocal microscope. Analysis of the 2D images using ImageJ
software, at various Z heights (0.1 lm between slices), allows this
effect to be quantified for the hydrated and dehydrated cylinders
(Fig. 2e). For the hydrated structure, an increase in cross-sectional
area to 169% relative to the equivalent base area was observed
for the slice taken at 8.1 lm from the substrate surface. In con-
trast, a decrease in cross-sectional area to 81% of the base area
occurs for the same structure in the dehydrated state for the slice
taken at 2.5 lm from the substrate surface. Imaging further away
from the surface for the hydrated (above 8.1 lm) and dehydrated
(above 2.5 lm) structures was not possible under these experi-
mental conditions due to strong absorbance of the fluorescent
dye. By varying the imaging conditions, the reproducibility of
swelling was investigated, as shown in Fig. S16 for a set of n = 5
cylinders, upon hydration. An increase in cross-sectional area
of 93% (±3%) relative to the equivalent base area was observed
upon hydration for the slice taken at 21.2 lm.
The lines within the structures arising from the laser pathway
during DLW can be regarded as a spiral endo-skeletal framework,
which defines and supports the overall columnar structure. How-
ever, this internal framework influences the movement of the
structure that occurs upon swelling and contraction. For exam-
ple, smooth pillars expand horizontally and vertically upon
hydration, whereas the ratcheted spiral pillars exhibit an
additional spiral rotation during hydration. When cycling
between the states shown in Fig. 2g and h, rotation in a
counter-clockwise motion occurs upon hydration, reversing to
a clockwise rotation upon dehydration (Supplementary Video
S14). This rotational effect is not observed with the smooth
pillars (Fig. 2c and d), implying that structural movement can
be controlled and encoded via the endo-skeletal pattern.
In contrast to the surface-bound structures, structures printed
on non-treated glass slides delaminated during the washing pro-
cess with acetone. Free-standing micro-cylinder structures exhib-
ited homogeneous swelling to produce a larger than original
cylindrical form, rather than the frustum shapes generated by
the surface bound structures (Fig. 1g, j, m), Supplementary
Fig. S12, Supplementary Videos S3–S8). The degree of swelling
also depended on the aspect ratio of the printed structure and
the hatching/slicing dimensions used during DLW. For example,
grids covering an 80  80 lm area, composed of rectangular
frames of 3.8 lm  3.2 lm (Fig. S6) and 0.5 lm in height (slicing
distance 0.2 lm; contour count: 2; contour distance: 0.3 lm;
hatching angle offset: 1), delaminated and increased in area by
over 300% during the washing step with acetone (Fig. 3,
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(e) (f)
(h) (i)
(k) (l) (m)
(j)
(g)
FIGURE 1
Creating and visualizing the PIL soft micro-structures. Schematic of the printing and washing steps (a); 3D CAD design of micro-pillar arrays cylinders (b),
ratcheted spirals (c) and hexagonal columns (d). 3D microscopy images of micro-pillar arrays (cylinders (e, h, k), ratcheted spirals (f, i, l), and hexagonal
columns (g, j, m) fabricated by 2-PP in PILs using photoresist formulations described in Table 1, in the polymerization photoresist (e–g), during washing in
acetone (h–j) and drying (k–m). For the surface immobilized pillars (e, f), the position and structural integrity is maintained during washing (h, i), and no
delamination occurs (k, l). In contrast, some of the non-attached hexagonal pillars move and topple over during washing (j) and drying (m). In all cases, a large
reduction in size is apparent as solvent leaves the PIL structure. The scale bar represents 100 lm.
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Supplementary Video S7). Solvent removal caused an overall
decrease in size of the structure, with the aspect ratio maintained.
AFM analysis of the size of the rectangular frames, defining the
free-standing grids after delamination and removal of the sol-
vent, indicates that these increased in area by 297% ± 6.5%
(n = 6) (Fig. 3) compared to the printed design (Supplementary
Fig. S6). AFM studies of the structures in the dry state also reveal
a DLW-polymer feature size in the Z dimension in the range
150–240 nm (Fig. 3d and e).
Using silanized substrates, the same approach was used to pro-
duce covalently immobilized grids with identically spaced rect-
angles (Supplementary Figs. S7 and S17). In this case, the
printed structures covered a 60  60 lm2 area with rectangular
frames 2.4 lm in width, 2.8 lm in length, and 1.4 lm height
(for details on the 3D design see Supplementary Fig. S7). After
removal of the unpolymerized photoresist and cleaning of the
structures with acetone, SEM analysis revealed that as the sur-
face-confined polymer structures expand, the open pores defined
by the rectangular frames contract to 2.1 lm (±0.02, n = 5) in
width and 2.5 lm in length (±0.08, n = 5) (Fig. S17). This
equates to an area contraction of the pores of 55% (±3.7%,
n = 5) compared to the printed design (Supplementary Fig. S7).
AFM measurements in the wet state indicated an increase in
height of the immobilized grids of 160% compared to the same
structures in the dry state. The XY spatial resolution of DLW in
PILs, namely, the minimum distance between lines at which
absence of overlapping is observed, was investigated. For this
purpose, arrays of line sets were printed with incrementally
increased set distances, from 0.5 lm to 2.5 lm, with 0.25 lm
increments. As seen in Fig. S19, at 0.5-lm set distance, the lines
partially overlapped, while at implemented distances of 0.75 lm
or greater, well-separated lines with nonpolymerized regions
between them are obtained. The line dimensions (400 nm in
width) and experimental incremental distances between the
obtained lines were measured on SEM images of different magni-
fications (Fig. S19). It is important to mention that the automatic
interface finder of the Nanoscribe system finds the interface
between the photoresist and substrate (i.e., glass) using the differ-
ence in refractive index. When printing such thin lines, and
especially when working with soft, hydrogel-type materials,
attachment to the surface is crucial. Therefore, negative Z offsets
were implemented (from 0.1 lm to 0.5 lm) to ensure printing
occurs at the glass-photoresist interface. In the current experi-
mental conditions (power scaling @1 25 mW and a scan speed
of 1000 mm s1), decreasing the negative Z offset below 0.3 lm
results in delamination of the printed lines during the washing
step (Fig. S20) and expansion in length by 59 ± 1.9% (n = 10).
Due to this, unsupported 3D structures (e.g., woodpile-type
structures) are hard to achieve in the current photoresist and
would require an increased % of crosslinker and/or a shorter
crosslinker with additional polymerizable groups (e.g., pentaery-
thritol triacrylate or pentaerythritol tetraacrylate). Nevertheless,
intricate-design 3D structures can be achieved. Fig. S21 shows a
confocal image of a hydrated daisy structure printed in PIL (with
co-polymerized fluorescent rhodamine dye, Table 1) where the
hatching distance was set at 500 nm (Fig. S22). This image allows
for the observation of lines in the hydrated structure that repre-
sent the laser pathway during DLW. For visualization purposes
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(e)
FIGURE 2
PIL structures modified with a co-polymerized fluorescent dye. Representation of the structure of the PIL hydrogel showing cationic and anionic charged
sites, the polymer backbone and PPG-DA crosslinker (a); 3D CAD designs (b, f) and confocal microscopy images of micro-cylinder (b–d) and ratcheted micro-
spiral (f–h) arrays fabricated by 2-PP in PILs using photoresist formulations described in Table 1, in air (c and g) and in DI water (d and h). The concentric
circular laser pathway used to create the cylinders via contour hatching becomes more clearly visible in the hydrated structures (d, h) as the red lines within
the structure. The scale bar (c, d, g, h) represents 25 lm. For a detailed view of the 3D design of these structures, see Supplementary Figs. S3–S5. Relative area
measurements of a surface immobilized micro-cylinder at different height (z) values in the hydrated and dehydrated state (e). The area changes in both
hydrated and dehydrated states are calculated relative to the printed area (circular structures of 20 lm in diameter). The inset shows a representation of the
micro-cylinder structures in the hydrated and dehydrated states and confocal microscopy images of the micro-cylinder in the hydrated and dehydrated state
at the same z value of 1.2 lm (e).
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the hatching angle was adjusted for each slice (each slice is
500 nm in height and contains one set of petals). These results
confirm that the resolution obtained in these soft structures fab-
ricated using PIL-based photoresists is comparable to hard poly-
mer structures generated with commercially available photo-
resists (Supplementary Figs. S23 and S24).
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FIGURE 3
Self-standing micro-grids fabricated by DLW on to untreated glass substrates. (a) CAD Design of a 80  80 lm grid of 1.4 lm height composed of an array of
rectangular frames (3.2 lm in width, 3.8 lm in height) as detailed in the inset; (b) White light Microscopy images showing the grids delaminated from the
surface upon washing (Supplementary Video S7). AFM studies (c–e) of one of the grids (c) and details (d and e) showing the dimensions of the grid after
delamination.
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Thermal characterization of the crosslinked PIL structures
printed using 2PP DLW
Depending on the hydrophobicity/hydrophilicity balance of the
ions constituting the IL monomer, several ILs, ionic liquid
monomers (ILMs), and equivalent PILs were found to exhibit a
lower critical solution temperature (LCST)-type phase transition
in water. In the case of conventional temperature-responsive lin-
ear polymers, such as poly(N-isopropylacrylamide) (pNiPAAm),
the LCST appears as a sharp transition at a specific temperature
value (32 C for pNiPAAm) [48]. This remains valid also for
thermo-responsive ILMs and linear PILs in aqueous solutions,
including for linear p[P4,4,4,6][SPA] chains [49]. In contrast, in
crosslinked PILs, due to the decreased level of freedom of the
bulky IL ions in the crosslinked polymer network, the
temperature-induced volume/area change occurs gradually over
a broad temperature interval [49]. To investigate this behavior,
DLW-fabricated free-standing PIL micro-cylinder structures were
formed on a microscope slide using [P4,4,4,6][SPA] (Table 1). Fol-
lowing fabrication, water was introduced using a custom-built
cell (Fig. 4a), leading to complete hydration of the pillars. The
cell was then placed into a micro-heater block [31], which pro-
vides a homogeneous heating rate of 7.4 C s1 and a cooling rate
of 2.4 C s1. This enabled a pre-programmed heating regime to
be applied, (blue line, Supplementary Fig. S18), while an optical
microscope was used to track the effect on the cylindrical struc-
tures at 15 fps. Subsequently, by analyzing the response in 2-s
increments, using ImageJ software, it was possible to track the
dynamic area response of the hydrogel structures with varying
temperature (Fig. 4). Due to the small scale of the structures,
the actuation response is very rapid, to the extent that it cannot
be distinguished from the rate of temperature cycling (i.e., tem-
perature change is the rate limiting step). The decrease in area
at 70 C relative to the initial area at 20 C, was found to be
30% ± 3% (n = 40 measurement points). Re-expansion of the
3D microstructures, through cooling of the surrounding water
from 70 C to 30 C (and 25 C, respectively, for the final step),
was also achieved at a rate indistinguishable from the rate of
temperature change. The ability to cycle such a response over
11 actuation steps with reproducible gel reaction and fast
response time is depicted in Fig. 4.
Discussion
Using the approach presented here, it is now possible to create
photoresists based on ionic liquid monomers (ILMs) that can
produce high-resolution soft, responsive PIL 3D structures using
a very simple 2-PP methodology. If the PIL inherently exhibits
stimulus-response behavior, then the 2PP structures will inherit
this stimulus-responsive behavior. This effect is demonstrated
in the case of 2PP structures based on tributylhexyl sulfopropyl
acrylate ([P4,4,4,6][SPA]) that actuate in response to temperature
changes. In experiments with mm scale PIL disks (1 mm high
and 3 mm in diameter) transferred directly from water at 70 C
to 20 C, reswelling required ca. 45 min to reach a stable condi-
tion, whereas with the low micron scale PIL structures produced
using DLW, the swelling and contraction is extremely rapid, in
fact so fast that the heating/cooling rate is the limiting factor
FIGURE 4
Thermo-actuation of free-standing PIL micro-cylinder structures. (a) Schematic of the in-house made cell used to study the thermo-response of the gel
structures; After removal of the excess photo-resist and washing of the structures, a 60-lm PSA spacer was placed on the cover slide containing the structures
and covered with a second cover slide. DI water was introduced into the cell by capillary forces and the cell was placed on the micro-heater. (b) Schematic
representation of the thermo-actuation of the free-standing PIL micro-cylinder structures. (c) Thermo-response recorded using white light microscopy during
temperature cycling. The area of the micro-cylinders was measured from the recorded video (1 frame/2 s) using ImageJ software.
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(Fig. 4). Furthermore, the approach we have developed is generic
and can be applied to the creation of a wide range of soft-
polymer 3D structures. This breakthrough will dramatically
expand the range of materials and associated characteristics that
can be created using DLW, and thereby greatly extend the range
of future applications. In addition, as PILs are soft, gel-like mate-
rials in the dry state, they are not subject to cracking and physical
degradation, as occurs with conventional hydrogels. Further-
more, some PIL-gels exhibit LCST behavior, opening the way
for the creation of nano-resolved 3D structures that respond to
various external stimuli (e.g., temperature, ionic strength, and
light). As PILs are also ion-conductors, and their conductivity
can be modulated by modifying the size of the constituent ions,
3D-structured solid/gel-state electrolytes could also be generated,
in turn allowing precise control of ion movement and conductiv-
ity throughout the structure. Moreover, additional functional
monomers (e.g., acrylate derivatives of fluorescent dyes, and pho-
toswitches) can be easily included in the monomeric photoresist
in the desired ratio for enhanced visualization, sensing, or
photo-modulated actuation. The extension of DLW to encom-
pass soft, stimulus-responsive polymers allows for the first time,
the creation of complex hierarchical 3D structures at sub-micron
resolution, in essence allowing sophisticated and responsive
biological features to be generated from digital 3D models. An
example can be seen in Fig. 5, in which hydration of a micron-
dimensioned maple leaf structure causes significant expansion
of the palmate-vein features, leading to dramatic changes in
the overall leaf-like structure. This completely reversible behavior
will allow advanced functions to be incorporated into bio-
inspired 3D assemblies, such as programmed movement,
switchable porosity, and triggered release of functional micro/
nanoparticles into fluidic systems.
Conclusions
DLW can be used to create complex, responsive 3D PIL structures
at very high resolution. As actuation behavior (swelling and con-
traction) in gels is essentially diffusion controlled, reducing the
scale of the structures dramatically improves the actuation rate.
Programmed movement in 3D can also be achieved through
the design of the 3D structure itself as DLW allows fine control
of the polymer density inside the structure. This enables an
endo-skeletal internal framework to be created which, in turn,
can encode aspects of the resulting movement of the 3D struc-
ture during swelling/contraction. We regard this as an important
breakthrough that significantly broadens the range of polymers
compatible with DLW-2PP fabrication. We further believe the
extension of high-resolution DLW to encompass soft, responsive
gel-type polymers will motivate many researchers to explore the
numerous new possibilities that are now accessible through this
fundamental advance in materials science.
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